Use of a yeast-lactobacillus differential microbiological assay permitted investigation into the synthesis of biotin vitamers by a variety of bacteria. A major portion of the biotin activity was found extracellularly. The level of total biotin (assayable with yeast) greatly exceeded the level of true biotin (assayed with lactobacillus). Values for intracellular biotin generally showed good agreement between the assays, suggesting the presence of only true biotin within the cells. Bioautographic analysis of the medium after growth of each organism revealed the presence of large amounts of a vitamer which corresponded to DL-desthiobiotin on the basis of RF value and biological activity. Biotin, when detected at all, was at very low concentrations. Also, an avidin-uncombinable vitamer was synthesized by a majority of the bacteria. Addition of D-biotin to the growth medium prevented completely the synthesis of both vitamers of biotin. D-Biotin-D-sulfoxide had no effect on the synthesis of desthiobiotin or the avidin-uncombinable vitamer. Addition of DL-desthiobiotin did not prevent its own synthesis nor that of the other vitamer. Control of vitamer synthesis is therefore highly specific for D-biotin. The avidin-uncombinable vitamer was produced only at repressed levels in the presence of high concentrations of both Dbiotin and DL-desthiobiotin, which suggested that it is not a degradation product of these substances. A possible mechanism for the overproduction of the biosynthetic precursors of biotin is presented.
CONTROL OF BIOTIN VITAMER BIOSYNTHESIS
all organisms was in 200 ml of medium in 500-ml Erlenmeyer flasks. Cultures were incubated on a New Brunswick gyrotary shaker at 150 strokes per min for 16 hr. Temperature of incubation for B. cereus was 30 C, and all other bacteria were grown at 37 C. Inoculum cells were prepared from cultures of each organism grown for 16 to 18 hr in their respective media. Cells were collected by centrifugation, washed three times with sterile 0.8% NaCl, and the final cell pellets were resuspended in 0.8% NaCl to give the original cell densities. Each 100 ml of growth medium was inoculated with 0.1 ml of these suspensions.
The casein hydrolysate (vitamin-free casamino acids) used for preparation of the growth media was purchased from Difco Laboratories, Detroit, Michigan. The commercial vitamin-free casamino acids were purified further by charcoal adsorption to remove traces of biotin (21) . This precaution was necessary to reduce the endogenous growth levels caused by the presence of small amounts of biotin as a contaminant. The possibility that growth stimulation might be due to the sparing effect of an amino acid, such as aspartic acid, is precluded, since this phenomenon is observed only with organisms which require biotin rather than those which synthesize the vitamin. Moreover, the assay organisms used were not affected by the casein hydrolysate in the absence of added biotin as may be seen by the negligible endogenous growth levels in Fig. 1 and 2. D-Biotin and DLdesthiobiotin were purchased from California Foundation for Biochemical Research, Los Angeles, Calif. Avidin (3,300 units/g) was obtained from Nutritional Biochemicals Corp., Cleveland, Ohio. The avidin was dissolved in distilled water, sterilized by filtration, and stored in a freezer.
Microbiological assays. Biotin was assayed with Lactobacillus plantarum ATCC 8014, formerly called L. arabinosus, according to the gerneral procedure of Wright and Skeggs (26) . Saccharomyces cerevisiae ATCC 9896 was also used for assay according to the procedure of Hertz (8) . Slight modifications in both methods were used. These changes, as well as the preparation of samples for microbiological assay, have been described previously (17) . Since Bioautography of biotin vitamers. Preparation of culture filtrates for bioautography was as described previously (19) . Descending paper chromatography was employed with a solvent system composed of nbutanol-water-acetic acid (4:5:1) and Whatman no. 1 paper strips. The solvent front was permitted to travel about 30 cm at room temperature. After air-drying, the chromatograms were subjected to a bioautographic technique as described by Wright and coworkers (25) . The paper strips were cut into 1-cm sections and were placed in separate tubes where they were eluted with distilled water. The eluates were autoclaved, cooled, and assayed for biotin activity with S. cerevisiae and L. plantarum. When the turbidity was plotted as a function of the distance from the origin, a smooth curve connecting the points permitted localization of the RF value by interpolation to within 0.03 units.
RESULTS
In agreement with previous results from this laboratory (17) , the medium of E. coli (Crookes) after growth was found to contain high biotin activity assayable with S. cerevisiae and a much lesser amount of true biotin active for L. plantarum (Table 1 (14, 15) .
The extent of final growth, whether due to differences in inoculum size, character of the medium employed, or type of organism, did not appear to be of significance. For example, the Proteus species gave poorest growth but yielded high levels of biotin vitamers; B. cereus gave excellent growth and high vitamer levels; and A. aerogenes (649) grew well but produced low levels of vitamers. Thus, there was no correlation between amount of growth and magnitude of vitamer excretion. In fact, it has been established by Pai and Lichstein (17) that the maximal rate of production of biotin occurs very early in the growth cycle. Further, they showed that the level of the enzymes which convert desthiobiotin to biotin are at a maximum early in growth and decrease thereafter. These enzymes could be elevated later if they were derepressed by the addition of avidin to the growth medium (20) . Bioautography of crystalline D-biotin with the solvent system used in this study revealed two peaks of activity for both the lactobacillus and yeast assays. Peak of activity at RF 0.80 to 0.84 corresponds to D-biotin, whereas the other peak
Oxidation of D-biotin to the sulfoxide form has been observed by several investigators (1, 19, 25) and is thought to be caused by some component of the chromatography paper (12) . When low levels of D-biotin were chromatographed, only the peak for D-biotin was detected. When Dbiotin was dissolved in a complex medium containing sulfhydryl compounds, the sulfoxide form failed to appear even when relatively high levels of D-biotin were employed (unpublished data). Thus, D-biotin-D-sulfoxide, detected on the chromatograms of the culture media used in this study, is not considered a microbial product. DLDesthiobiotin shows one peak (RF 0.88 to 0.91) active for S. cerevisiae but inactive for L. plantarum. Though it was not always possible to distinguish between D-biotin and DL-desthiobiotin purely by RF values, they were differentiated easily by microbiological activity of the chromatograms.
Bioautography of the culture medium of E. coli (Crookes) revealed that a majority of the biotin activity stems from two vitamers which are inactive for L. plantarum (Fig. 1) . One of these materials corresponds to DL-desthiobiotin on the basis of RF value (0.89) and microbiological activity. The other compound (RF 0.67 to 0.69) represents an avidin-uncombinable vitamer which is active for S. cerevisiae. A vitamer with the same RF value, microbiological activity, and lack of avidin combinability has been detected in the culture medium of a variety of microorganisms (2, 3, 7, 14) . A small peak of activity, which does support the growth of L. plantarum, is combinable with avidin, and has an RF value corresponding to D-biotin, was also detected.
When D-biotin was added to the growth medium of E. coli (Crookes), the peaks corresponding to desthiobiotin and the avidin-uncombinable vitamer were no longer detectable (Fig.  2) . In this case, peaks for D-biotin (RF 0.81 to 0.83) and D-biotin-D-sulfoxide (RF 0.58 to 0.60) were observed. Both materials produced a growth response with the yeast and lactobacillus assays. All of the E. coli strains listed in Table 1 produced almost identical results with those shown for E. coli (Crookes). The other bacteria were studied in the same manner and results are summarized in Table 2 . A. aerogenes (Tennessee) and E. aerogenes excreted only one material during growth which corresponded to DL-desthiobiotin. Neither D-biotin nor avidin-uncombinable vitamer was detected in the medium of these two organisms, although D-biotin (i.e., a material assayable with L. plantarum) was found intracellularly (Table 1) . When exogenous D-biotin was supplied to these organisms, the accumulation of desthiobiotin in the medium ceased, and bioautography revealed the presence of D-biotin (major peak) and D-biotin-D-sulfoxide. The The only organism in which synthesis of the biotin vitamers did not seem at first to be controlled by D-biotin was P. morganii (Table 3) . When this organism was grown in a medium devoid of biotin and casein hydrolysate, it excreted biotin vitamers in the same fashion as the other Proteus and E. coli strains. However, a peak for D-biotin-D-sulfoxide had appeared on the chromatogram and this was not observed with the other organisms when grown without exogenous D-biotin. Moreover, the peak of activity at RF 0.82 to 0.83 (D-biotin) was very small relative to the peak for the sulfoxide form. When D-biotin was added to the medium, it still could not be detected on the chromatograms. However, there was a large amount of activity associated with a peak corresponding to D-biotin-D-sulfoxide. It appeared, therefore, that the addedD-biotin was oxidized to the sulfoxide form. The sulfoxide could not repress synthesis of the biotin vitamers, since RF values corresponding to the avidin-uncombinable vitamer and desthiobiotin still were detected on the chromatograms. When uninoculated media containing D-biotin were subjected to bioautography (after shaking for 16 hr at 37 C), only D-biotin-D-sulfoxide was detected, thus illustrating that the oxidation was not caused by the organism but rather by some component of the medium. When casein hydrolysate was added to the growth medium, the organism synthesized coli (17, 19) .
The quantity of each vitamer excreted by several microorganisms grown in the presence and absence of exogenous DL-desthiobiotin was studied ( Table 4) . Levels of true biotin (D-biotin) were determined by direct assay of the medium with L. plantarum. Avidin-uncombinable vitamer (10) . These findings suggest that the vitamer detected here might be a degradation product of desthiobiotin. As shown previously, the synthesis of desthiobiotin was prevented by the addition of D-biotin to the media. Under these conditions, the avidinuncombinable vitamer also was not produced. It was thought possible that the lack of production of desthiobiotin, rather than the repressive effect of D-biotin, was preventing the synthesis of the unknown vitamer. To test this, we studied the accumulation of the avidin-uncombinable vitamer in media supplemented with D-biotin or DL-desthiobiotin, or both (Table 5 ). Synthesis of the vitamer was almost completely prevented by the addition of D-biotin, whereas supplementation of the media with DL-desthiobiotin had little effect on the excretion of the vitamer. More important, the avidin-uncombinable vitamer was produced only at the repressed level in the media containing both D-biotin and DL-desthiobiotin (column D). This suggested that the vitamer was not a degradation product of desthiobiotin, since ample desthiobiotin was supplied. Apparently, synthesis of the vitamer as well as desthiobiotin was under metabolic control by D-biotin.
DIscussioN
Desthiobiotin has been considered an intermediate in the biosynthetic pathway leading to biotin, since it can be converted to the vitamin by biotin-requiring microorganisms (11, 22, 23) .
This has been inferred also from studies of a mutant strain of Penicillium chrysogenum which could synthesize the vitamer but could not convert it to biotin (23) . The original strain synthesized biotin and also converted desthiobiotin to biotin. Addition of pimelic acid, a known intermediate in biotin biosynthesis (6) , to the 10 4g/ml which represents 100 X growth media of several bacteria, fungi, and streptomyces increased the level of desthiobiotin excreted by these organisms (14, 15) . Direct evidence for the conversion of '4C-desthiobiotin to biotin has been obtained by useof growing cultures of Aspergillus niger (24) . Reports from this laboratory have shown that D-biotin represses formation of the enzyme system responsible for conversion of desthiobiotin to biotin (19) . Derepression of this enzyme system followed kinetics typical of other biosynthetic enzymes (20) . We observed that desthiobiotin could not prevent its own synthesis, but, rather, that this function was highly specific for biotin.
This finding provides additional evidence to support the role of desthiobiotin as an intermediate in biotin biosynthesis.
In the synthesis of purines, pyrimidines, or amino acids, the intermediates of these bio-synthetic pathways are rarely excreted into the surrounding medium. However, all bacteria employed in this study, as well as the large number of different organisms used by Ogata et al. (14) , excreted (17, 19) . Since true biotin synthesis was repressed to a greater extent by low levels of exogenous biotin than was total biotin synthesis, it is believed that the site located between desthiobiotin and biotin is more sensitive to the repressive effect of biotin. In the present study it was demonstrated that little or no true biotin was excreted by most microorganisms (Table 1) . Therefore, the enzymes converting desthiobiotin to biotin, which according to our hypothesis are more sensitive to repression, would be repressed more rapidly than those which come before desthiobiotin. The result of this situation is the excretion of high levels of desthiobiotin when the cells are grown without exogenous biotin (Table 4 , column 1). It has been well established by Moyed (13) that repression of enzymes alone cannot provide adequate control in a biosynthetic pathway. Thus, the lack of feedback inhibition and the presence of two sites of possibly different sensitivities to repression by biotin could successfully explain the accumulation of intermediates of the biotin pathway.
Of all the organisms studied, E. coli (Crookes) is the only one in which the control mechanisms of biotin biosynthesis have been elucidated (18) .
However, there exist several similarities among all of the bacteria, including E. coli (Crookes):
(i) all exhibit the same pattern of excretion of desthiobiotin; (ii) the level of true biotin is always small relative to total biotin; (iii) synthesis of biotin vitamers in all the organisms is prevented by exogenous D-biotin; and (iv) control by D-biotin is very specific in all the bacteria since DL-desthiobiotin and D-biotin-D-sulfoxide do not inhibit vitamer synthesis. These similarities suggest that the control mechanism in biotin biosynthesis may be the same for most if not all organisms.
Recently, Eisenberg and Maseda (5) demonstrated the inhibitory effect of D-biotin on the synthesis of the two vitamers in P. chrysogenum.
An avidin-uncombinable vitamer, similar in RF and biological activity to that reported here, has been observed by several investigators (2, 3 7, 14) . Eisenberg (4) has shown that this vitamer lacks both the urea structure and the sulfur atom. Iwahara and co-workers (9) recently identified this material as 7-keto, 8 amino, pelargonic acid. They showed that this material became labeled with radioactivity when growing cells of a Bacillus species were incubated with '4C-pimelic acid. When this '4C-labeled vitamer was incubated with resting cells of Bacillus sphaericus, it was converted to 14C-labeled desthiobiotin. In this study, it was seen that the synthesis of the vitamer, as well as desthiobiotin, was metabolically controlled by D-biotin. Other evidence (Table 5) illustrates that the vitamer is not a degradation product of desthiobiotin even though the two materials appear coincidentally. Thus, evidence obtained by this and other laboratories suggests strongly that the vitamer as well as desthiobiotin are biosynthetic precursors of biotin. The unavailability of the vitamer characterized by Iwahara et al. (9) prevented a direct comparison with the vitamer detected in our studies.
